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PREFACE
The importance of impurity diffusion techniques for constructing semi-conductor
devices is well known, and a computer model for simulating diffusion techniques is very
desirable because data useful for design or analysis can be generated much more
rapidly with greater economy and less tedium than when obtaining the data experimentally.
Tnis report consists of five sections and five appendices. In Section 1, the
elementary classical models for idealized diffusion conditions are discussed, because
the ideas developed are subsequently used in the more realistic models discussed in
Section 2. These more practical models do not generally allow analytic solutions, but
require some type of numerical analysis. The numerical techniques which are used
are outlined in Section 3 with more details concerning implementation given in Appen-
dices I and II. Section 4 gives some of the results which have been obtained with the
computer programs implementing the numerical techniques with the programs given
in Appendices in and IV. Section 5 deals with the special problems of impurity-rich
interlayers forming between an oxide and silicon. Appendix V gives a set of computed
curves for sheet resistance, junction depth, and oxide thickness for different diffusion
schedules.
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1. IDEALIZED DIFFUSION MODELS
Many of the practical techniques for diffusion, such as used for
the fabrication of source and drain regions for the MOST, utilize a two-
step diffusion process. The two-step process involves a predeposition
step and a drive-in step which are described in this and the following
sections. Practical diffusion schedules require a complex model descript-
ion ; however, the more complex practical model utilizes simpler concepts
which are used to describe idealized diffusion conditions. In this section
the equations used to describe idealized diffusion conditions are given.
Diffusion processes are usually described by Pick's first and
second laws of diffusion. Fick's first law defines a parameter called
the diffusion constant or the diffusivity. In a one-dimensional model,
it is described by
F = - D 9N (1-1)
9x
where F is the fluxdensity of particles, N is the concentration of
3
impurity atoms (per cm ), and D is the diffusion coefficient
e\
(cm /sec). This mathematical statement implies that the flux
of particles is proportional to the gradient of the concentration. Particles
move from denser to less dense regions. The negative
2
sign indicates that diffusion occurs from regions of high concentration
to those of lower concentration.
The requirement that particles be conserved gives Fick's second
law. In one dimension it is
dF .,
b t bx
Substituting equation (1-1) into (l-2a) gives;
dN A
a t D
The diffusion coefficient is assumed to be constant and equation
(1-2) becomes
D-iiL. (1-3)
a t
 d x2
Solutions to equation (1-3) are usual ly used to describe di f fus ions .
The solutions are of two general classes, those in which the impurities
are externally added to the semiconductor and those in which impurities
that have previously been deposited in the semiconductor are allowed
to d i f fuse far ther from the surface.
The f i rs t class of solutions are for diffusions called pre-
depositions. A large concentration of impurities are di f fused slightly
beneath the su r face of a semiconductor wafer. There is a heavy con-
centration of impurities in the ambient surrounding the wafer, and it
is assurne.d that the surface concentration remains at a constant value
equal to the solubility limit, of the impuri ty in the semiconductor.
20 .3
For boron in silicon the solubility limit is about 4. 0 x 10 cm
For this type of diffusion the boundary conditions and initial conditions
are
N ( 0 , t ) = N0
N(°e>, t) = 0
N(x, 0) = 0
where N is the solubility limit.
The solution to (1-3) is then
X
(1-4)
N(x, t) = NQ ERFC
where
ERFC(y)- 1 -
v / T
Z V D t
exp( . U2
The second class of solutions are for drive-in diffusions. The
drive-in is performed after a predeposition in order to increase the
penetration depth and decrease the surface concentration. In order to
get a solution for the impurity profile after drive-in, the profile
after the predeposition is approximated by
N(x ,0 ) =
N0,
0,
(1-6)
where NQh = Q is the total number of impurit ies in the semiconductor
after the predeposition.
ERFC(u) du
0
(1-7)
It is also assumed that the surface is inpenetrable so that the
flux of particles at the surface is zero.
=0 (1-8)
x=0
4
The second boundary condition requires that the concentration of
impurities goes to zero as x approaches infinity. The semiconductor
crystal is assumed to be infinite in the positive x direction. This
can be assumed if the diffusion length, 2 7Dt, is small compared to
the crystal thickness.
The solution to equation (1-3) for the drive-in condition can be
approximated by equation (1-9).
2
N(x,t)-_9 exp x (1-9)
4Dt
P-N junctions are formed by diffusing into a wafer that has a
doping level that is opposite in polarity to the diffusing atoms. (Any
process for introducing impurities into a semiconductor to produce
some electrical property is called "doping". ) The initial doping
level is called the background doping. By definition, the junction
is formed where the diffusing impurity concentration equals the
background doping. The junction depth for the impurity profile in
equation (1~9) is
1/2
=|4Dtln_« J (1-10)
The junct ion depth is important in bipolar transistors because
of its effect on the base width. For the double diffused transistor,
the base width is the difference between the junction depth of the
base diffusion and the junction depth of the emitter diffusion. The
injection efficiency, base resistance, current gain, and other
parameters of the transistor depend on the base width. Since the base
width is usually small, the junction depths must be controlled
accurately.
Another important parameter is the sheet resistance defined by
equation ( l - l l ) . f o r an "N-type", or donor impurity, diffusion.
(*)
J _ J q U n n d x ( l -U)
Rs I
'O
In equation (1-11), R is the sheet resistance, q is the electronic
s
charge,/! is the mobility of electrons, and n is the number of
electrons. Practically, n can be taken to be the same as N, the
impurity concentration, in many cases. The base spreading resist-
ance in bipolar transistors, parasitic resistances in M-O-S
transistors, and all parameters which depend on the impurity pro-
file depend on the sheet resistance. It is also important to the
process engineer since it can be measured easily and is an aid in
determining some characteristics of the impurity profile.
2. PRACTICAL DIFFUSION MODELS
In this section some of the practical conditions for diffusion
processes are considered. One of the first major deviations from
the idealized diffusion process which must be considered is the
effect of oxidation during a drive-in diffusion. The oxide is sub-
sequently selectively etched to expose other areas to be diffused,
or to expose areas that are to be electrically connected to an in-
put or output of a device. The oxide that is not etched away is
used for insulation, and, in some field effect devices, as part of
the device itself.
The rate at which the oxide grows on the surface of the
silicon depends on the temperature, the amount of oxide present,
and on whether it is grown in a stream or oxygen ambient. The
growth rate of the oxide is given by equation (2-1).
dx0 = o
dt
(2-1)
A + 2 • x0
In this equation xo is the oxide thickness, and B and A
are the parameters plotted as functions of temperature in Figure (2-1)
and (2-2) respectively. The parameter B is called the parabolic
rate constant, and B/A is called the linear rate constant.
I. 0
10 -I
Microns /hr.
10 -2
0.7 0.8 0.9
1000/T(°K)
Figure (2-1). The Temperature Dependence of B.
I. 0
10 -I
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10 -2
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1000/T(°K)
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Figure (2-2) . The Temperature Dependence of B /A .
-X:
N(0, T)
m
ocX,
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Figure (2-3).: The Effect of a Growing Oxide on (a) a Boron Impurity
Profile (b) a Phosphorus Impurity Profile.
After a wafer has been through the predeposition process, the
oxide which is grown during the drive-in ideally masks the wafer so
that the predeposited impurities cannot d i f fuse back out through the
oxide. There will be some impuri ty concentration in the oxide,
however, because of the segregation effect at the silicon-silicon
dioxide interface. The effect of the growing oxide on a boron and
a phosphorus diffusion are shown in Figure (2-3). A constant
called the segregation coefficient relates the concentrations on the two
sides of the interface. The segregation coefficient is defined by
equation (2-2) .
_Equilibrium concentration in the silicon
Equilibrium concentration in the oxide (2-2)
The segregation coefficient of boron is about 0.3, and for
phosphorus it is about 10.0. From Figure (2-3) it can be seen that
many of the boron atoms are lost to the oxide causing a depletion of
impurities near the surface. For phosphorus a small amount of the
impurity is lost to oxide, so that, as the oxide grows inward, it
pushes the impurities in front of it. This in turn causes the con-
centration near the surface to remain at a higher value than is
predicted by equation (1-9).
As the oxide grows, it consumes part of the wafer. The ratio
of the thickness of the silicon consumed to the total oxide thickness
is a constant called °c , which accounts for the difference in the
densities of the silicon and the oxide. The numerical value of
is approximately 0.45.
With a growing oxide on the surface of the wafer, two deviations
from the previous model for drive-in diffusion are immediately
apparent. There is no longer a convenient stationary coordinate
system. The surface is moving with a velocity of 0.45 times the
growth rate of the oxide. Furthermore, because of the escape of
impurities through the surface, the impurity gradient at the surface
is not necessarily zero.
The surface boundary condition is derived by assuming that the
oxide grows only at the silicon-silicon dioxide boundary, and by
requiring that particles crossing the boundary are conserved. It is
useful to redefine the spatial coordinate so that the moving boundary
10
is the new reference, y=.0. This is done by the linear transformation
y = x-ocx o . (2-3)
Then a particle which is stationary in the x-coordinate system
at a point corresponding to y>0 will have an instantaneous velocity
due to the movement of the origin which is given by equation (2-4).
dX
- (2-4)V
 'dt dt
Therefore there is an instantaneous flux of particles because of the
moving boundary which is
dXo
F! = -«C - N(y, t ) , y*0. (2-5)
dt
From equation (1-1), the flux due to the impurity gradient is
(2-6,
The total instantaneous flux of particles in the semiconductor is the
sum of the terms in equation ( 2 - 5 ) and (2-6).
With the assumption that all oxide growth takes place at the
boundary, a particle inside the oxide has an instantaneous velocity
due to oxide growth that is equal to the magnitude of the growth
rate of the oxide. The velocity is in the negative y direction so the
flux is the negative of the growth rate. Using the symbol C for the
impurity concentration in the oxide, and DQ for the diffusion
coefficient the total flux in the oxide is
-. .-* dXn
F0= - Do-^C.- - ° C(y , t ) . (2-7)
dy dt
11
Conservation of impurities at the boundary requires that the
flux of particles at y=0" be equal to the flux at y=0t Equating the
flux in the oxide and the flux in the semiconductor at the boundary
gives
j VdN i ar dxo
D-§y|y=0+ - Da-jr~
 y=0- = <K-oc)-gj-N(0,t) (2-8)
where C(0, t) is replaced by KN(0, t) on the right-hand side of equation
(2-8), and K is the reciprocal of the segregation coefficient.
For impurities which diffuse slowly in the oxide, equation (2-8)
reduces to
^N ... . dx0
N(
°'
tK
 ( 2-9)
For some impurit ies, such as boron and phosphorous, the d i f fus ion
in the oxide will be negligible.
The diffusion equation is written in terms of the new coordinate
by returning to Fick's second law, equation (l-2a). By substituting
the total flux of particles in the wafer into equation (l-2a), the new
equation is
Equation (2-10) accounts for the oxide growth during the drive-in
diffusion with the surface boundary condition of equation (2-9). For
diffusion with an external source of impurities in an oxidizing at-
mosphere, the boundary condition would not be the same.
12
The diffusing impurities must each have a charge of plus or
minus one electronic charge depending on whether the impurity is
N or P-type. There is an electric field associated with these charges,
since there must be an impurity gradient for diffusion to occur. The
electric field exerts a force on these charged particles which gives
them a drift velocity, and the product of this drif t velocity and the
concentration gives another component of flux.
The electric field can be calculated by assuming that the
semiconductor is in a thermal equilibrium. There are several
orders of magnitude difference in the diffusion cooefficients of holes
or electrons and impurity atoms. Therefore, the holes or electrons,
depending on the type of semiconductor, tend to di f fuse away faster
than the impurity atoms. The electric field prevents this from
happening, so that the impurity current and the hole or electron
current are equal. The impuri ty current is known to be small,
since the impuri t ies move on the order of a micron per hour. Then
in order to approximate the electric field, the hole current for a
P-type semiconductor is set equal to zero.
0= -qDp-^E-tqMpEp (Z- l l )
From equation (2-11), where D andjJL are the diffusivity and
mobility of holes respectively, the electric field is obtained as
given by equation (2-12).
qp
13
In equation (2-12), D In has been replaced kT/q from the Einstein
relation.
The impurity atoms will have a drift velocity which is given by
equation (2-13).
v=-LtE (2-13)
where n is the mobility of impurity atoms, and the negative sign
indicates that negatively charged particles move in a direction
opposite to the direction of the field.
The flux of particles due to the drif t velocity, assuming all
impurities are ionized, is the product of the concentration of
impurities and the drift velocity.
F=-blEN (2-14)
If the electric field, the oxide growth, and diffusion are ac-
counted for, the total flux of particles is the sum of the flux terms
given in equations (2-5), (2-6), and (2-14).
dXQ
F = - D-^ - cc N - LLEN (2-15)
dy dt '
From Fick's second law and equation (2-5), the d i f fus ion equation
which accounts for oxide growth and field aided diffusion is
2 dX
-|^ L - D-i-N + ac—-2 ^L + —S—(MEN). (2-16)
ot ^v^ at dy dy ™ '
To calculate the hole concentration, p, it is assumed that at
the high temperatures used for di f fus ion all impurities are ionized.
14
The relationship between the hole and impurity concentrations is
defined by the following two equations.
p = N + n (2-17a)
pn = n2 (2-17b)
Substitution of the electron concentration, n, from equation
(2-17a) into equation (2-17b) gives an expression for the hole con-
centration in terms of the impurity concentration and the intrinsic
concentration, n- .
p N
 + ( N l t n f (2-18)
If the number of impurities is much greater than the intrinsic
concentration, the number of holes is approximately equal to the
impurity concentration. For this condition, the diffusion equation can
be rewritten using equations (2-12) and (2-15).
(2-19)
ay2 dt ay ay2
Equation (2-19) shows that the diffusion coefficient is effectively
doubled for high impurity concentrations under the influence of a
built in electric field. For low impurity concentrations, the
number of holes is approximately equal to the number of intrinsic
carriers, and the field aided term in the diffusion equation is small.
The electric field adds a term to the flux used in determining the
surface boundary condition, equation (2-9). For a predeposition
this term may be significant, because of the high surface concentration,
15
but the boundary condition for predeposition is not calculated from
the flux of particles. For drive-in diffusion the temperature is
usually much higher, but the intrinsic concentration is also higher.
The temperature dependence of the intrinsic concentration is given
7
by equation (2-20).
16
n.= 3 . 8 5 x l 0 T exp (2-20)
19 20For typical drive-in temperatures, n- is between 10 and 10 , and
the surface concentration will be lower than the intrinsic concentra-
tion. Since the hole concentration, equation (2-18), is almost
constant; the field, given by equation (2-12), is insignificant.
Q
Lehovec and Slobodskey have investigated field aided dif fus ion
by lumping the diffusion and field terms into a single term with an
effective diffusion coefficient, D''\
D* = D(Uf) (2-21)
The function f accounts for the difference in the hole concentration
and the impurity concentration. Using this relation to account for
the field, they have shown a region of high impurity concentration
in which the diffusion coefficient was doubled, and region in which
the field was not significant.
9
Equation (2-10) has been used by Grove to model diffusion with
a growing oxide for wafers with a constant initial doping, and Kato
and Nishi have used this equation to approximate the solution
for the impurity profile for the more general case.
16
3. COMPUTATIONAL METHODS.
The practical diffusion models require the application of
numerical methods to integrate the diffusion equation. This section
describes some finite difference methods useful for obtaining solu-
tions. The simplest finite difference method is called the explicit
method which is discussed in Appendix I. The method consists of
the repeated use of equation (3-1).
_ + N1 { 1 - GA
 + R [ (PJ ^  -PJ )/PJ -2] +NJ
J J "*" J. J
.[GA + R + R (PJ+1 -PJ. ) / PJ + l }} (3-D
In equation (3-1) all variables are the same as defined in Appendix I.
The difference approximation becomes more accurate as the
increments, At and Ay, approach zero; but there are further
restrictions for a solution to be convergent. For equation (1-3),
the value of R is restricted as is indicated in equation (3-2).
R = AT 0 < R < 1/2 (3-2)
AY2
Assuming a similar relation holds for the more general
diffusion equation, equation (3-1) can be used for predicting impurity
profiles. Starting with the initial condition, the impurity profile is
predicted at the next time instant using the present profile. For
each time
17
step, the values of impurity concentration are calculated at the
discrete intervals j/\y for all values of j between,but not including,
zero and J. These two points must be reserved for the boundary
conditions. This will require J-2 calculations for each time step.
If the total d i f fus ion time is divided into I increments, the J-2
calculation must be made 1-1 times to obtain the final impurity
profile.
In calculating the impuri ty profile by the explicit method, each
predic ted value of concentra t ion depends only on three previous
values as is shown in equation (3-1). The value of R is restricted
to certain limits for stable solutions. The implicit method, described
in Appendix II, overcomes both of these diff icul t ies ; but the ease of
computation is lost. A matrix of d i f ference equations mus t be
solved simultaneously, but for this method each predicted value of
concentrat ion depends on all of the previous values and on the
predicted values. The implicit method should be more accurate
than the explicit method because of this increased dependence .
The solution to the diffusion equation is calculated in a way
that is similar to the explicit method, except that the entire impuri ty
profile is calculated by solving the ma.trix equation. A simplified
flow diagram that shows the order in which the calculations proceed
for a computer solution to the d i f f u s i o n equation is shown in Figure
(3-1). A complete listing of the program used for predicting solutions
to the equation by the implicit method is given in Appendix III.
18
Read time and temperature
schedule
Calculate diffusion coefficients ,
oxide growth rate parameters,
normalization factors, etc.
Determine ambient condition
and set boundary condition
accordingly
Calculate terms for matrix equation
and solve by Gaussian elimination
Increase time
by AT
LYe s
Calculate junction position,
oxide thickness, and sheet
resistance
Figure (3-1). A simplified flow diagram for the computer solution
of the di f fus ion equation
19
The boundary condition at the surface is met by imposing the
restriction given by equation (2-9) to calculate the surface concen-
tration. Writing equation (2-9) in finite, d i f ference form and solving
for the surface concentration gives the equation used to meet the
surface boundary condition.
N ( O . T ) = - ' --
 (3.3)
r dxo i
L+AY (K -oc) - — /D
I dt J
The oxide growth rate is c a l c u l a t e d from equation (2-1) according
to the ambient condition. The ambient condition can be changed
during a d i f fus ion and the boundary condit ion will still be met.
The second boundary condition is tha t the impur i ty concentration
goes to zero as y approaches i n f i n i t y . For a numerical solution,
some convenient point must be chosen where the impurity concen-
tration is known. If a point is chosen far enough away from the
surface , the concentration can be specified to be zero. Since the
impuri ty profile between the surface and the junct ion is usually the
only part that is of interest, the solution will not. be significantly
affected in this region if the specified point is slightly in error.
For the computer program given in Appendix III, the junct ion
depth is predicted from equation (1-10), and the impurity concen-
tration is set to equal zero at three times the junct ion depth. This
allows the program to handle diffusions for shallow or for very deep
20
junctions; although, solutions for shallow junctions are more accurate
because the increments will be smaller.
Although the predeposition can be numerically simulated to get
the initial condition before drive-in, it was found that the impurity
profile after the drive-in was not affected significantly by the
deviation from a complementary error function, equation (l-5b),
during the predeposition. The effect of field aided dif fus ion is taken
into account empirically for the predeposition by adjusting the diffusion
coefficient and assuming that the impurity concentration still
follows the complementary error function profile. The profile is
calculated by taking the integral indicated in equation (l-5a), which
is integrated numerically by the Gauss-Laguerre quadrature method.
For the case where a predeposition is not followed by a drive-in,
such as the emitter diffusion for a double diffused transistor, the
ef fec t of the electric field cannot be accounted for empirically. This
type of diffusion can be handled numerically by a slight alteration
of the program given in Appendix III.
The sheet resistance is determined by numerical integration
of equation (3-4).
P
~R = |0 dY (3-4).
In this equation G is the conductivity which is given as a funct ion
of impurity concentration by Irvin.
21
4. RESULTS
Both the explicit and implicit methods have been used to solve
the diffusion equation. The explicit program has been run on the MSU
UNIVAC 1106 and the MSFC Xerox Sigma V. Checks on computational
accuracy have been made by comparing with the erfc(x) and gaussian
tables and by comparing with previous work on oxidation done by
other methods. Some comparisons with experimental data have also
been made. These results are reported in this section.
Solutions by the explicit method were found to be accurate
enough for many diffusion problems. It is well suited for the gener-
ation of sheet resistance and junction depth data for diffusions in which
the ambient condition during a drive-in is constant. The implicit
method also works well for drive-ins with one or two ambient changes
if the times in each ambient are about equal. If the time in one
ambient condition is much greater than another, then the shorter time
will be divided into a smaller number of time increments, and the
effect of the short ambient change may not show up properly in the
solution.
Changing the ambient during a diffusion creates another problem
in the stability of the solution. As previously stated, the value
of R, AT/ AY , must be chosen between zero and one half in
order to obtain a stable solution to equation (1-3) by the explicit
method. If the numerical solution is to be general, then equation (2-16),
which accounts for the oxide growth and the electric field, must be
22
solved. For this equation the range in which R must be chosen for a
stable solution may not be the same. For a predeposition, the elec-
tric field is significant, but there is no oxide so that an equation
different from equation (2-16) is solved. In the case of a drive-in
that starts out in an oxidizing ambient, the concentration near the
surface drops rapidly. The electric field is negligible, in this case,
after the impurity concentration drops below the intrinsic concen-
tration and still another equation is solved.
A single value for R which gives the smallest error for each
of these conditions cannot be found for the explicit method. The
implicit method should give better results in general because the
dependence of solutions on the value chosen for R is greatly reduced.
Fewer calculations are required to show the effect of an ambient
change, but more computation is required for each predict ion of the
impurity profile. If one hundred increments in the Y-coordinate
are used and R is one fourth, the explicit method requires about
three seconds of execution time on the UNIVAC 1106. Under the
same conditions, the implicit method requires about thirty seconds
of execution time; but by choosing R to be unity, better resul ts are
obtained and the execution time is comparable to that of the explicit
method.
The solutions given by Grove were simulated numerically for an
oxide growing on a wafer with a constant initial background doping
23
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Figure (4-1). Comparison of Predicted Results with the Resu l t s
of Grove.
level. Since reported values of d i f fus ion parameters vary widely,
the di f fus ion coefficient and segregation coefficient given by Grove
was used. The result of this d i f fus ion is given in Figure (4-1).
The circles represent the extremeties of experimentally measured
concentration.
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Figure (4-2). Comparison of Predicted Resul ts with the Results
of Kato and Nishi
The di f fus ion data given by Kato and Nishi was also simulated.
Figure (4-2) is a comparison of the computer solution and the ex-
perimental measurements. The impurity profile given is for a short
predeposition followed by a fif ty minute drive-in in an oxygen ambient.
The diffusion coefficient and segregation coefficient used were the
values reported by Kato and Nishi.
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Figure (4-3). The Effect of the Electric Field on a Predeposition.
Figure (4-3) shows a calculated impurity profile with the electric
field considered and one in which the field term has been removed
from the di f fus ion equation. These profiles are for a predeposition
with boron at 980 degree centigrade for one hour. The most signifi-
cant difference in these two profiles is that the profile calculated
with the field-aided term included shows more impurities in the
semiconductor. The effect of these added impurit ies as a function
of the predeposition temperature is shown in figure (4-4). The
per cent change in sheet res is tance and junct ion depth were
obtained by comparing the results of computations of impurity
40
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1100
% change in R(
% change in x;
_L
1050 1000 950
temperature (°C)
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Figure (4-4). The Effect of the Electric Field as a Function of
Temperature.
profiles with field aided di f fus ion and with the field equal to zero.
For these calculations the surface concentration was assumed to be
constant at 4. 0 x 10
In some cases the ambient is changed several times during a
diffusion in order to shape the impuri ty profile to give some desired
electrical characteristic. Table (4-1) shows four diffusion schedules
with several changes of ambient and a comparison of calculated and
experimental values of sheet resistance and junction depth.
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AMBIENT
CONDITION
TIME (MINUTES)
R
R
X
X
N_2
°2
H20
°2
N2
°2
N2
s (MEASURED)
c (CALCULATED)Sj (MEASURED)
- (CALCULATED)
(a)
14
15
10
5
10
60
10
160
188
2. 0
2.08
(b)
14
15
10
5
10
0
0
140
149
1.3
1.44
(c)
8
10
10
5
10
0
0
150
172
1.2
1.2
(d)
8
10
10
5
10
60
60
200
206
2.0
1.98
Table (4-1 ). Some Predicted and Experimental Results
for Several Ambient Changes.
Some resul ts which show the ef fec t that the oxide growth has on
impuri ty profi les as time progresses are shown in Figures (4-5)
and (4-6). Figure (4-5) shows that for phosphorus the oxide rejects
the impuri t ies and pushes them inward keeping the concentrat ion
near the surface relatively high. For the boron profi le , Figure (4-6) ,
the concentrat ion near the surface is depleted. A comparison of the
two f igures shows that the boron prof i le contains fewer impuri t ies
than the phosphorus profi le .
N(cm
10
10 18 -
15 Minutes
0.2 0.3 0.4
Figure (4-5). Profile Evolution for Phosphorus in an Oxidizing Ambient
N(cm"3)
10
10
20
19
1018
5 Minutes
0.1 0.2 0.3 0.4
Figure (4-6). Profile Evolution for Boron in an Oxidizing Ambient
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5. PREDEPOSITION DIFFUSIONS
There are several methods used for accomplishing the pre-
deposition diffusion: (1) a gaeous impurity source such as diborane
or phosphine is mixed with carrier gases of nitrogen, oxygen, and
argon; (2) a liquid source such as POC13 is used with a carrier
gas mixture which bubbles through the liquid; (3) a solid source
such as boron nitride wafers or ^2^5 *s use<^ with a carrier gas;
(4) a doped oxide source is deposited on the wafer surface either by
pyrolytic techniques or by "spin-on" methods using a liquid emulsion
which is dried and baked.
The first three methods require that the surface concentration
be maintained at the solid solubility limit in order to obtain control
of the impurity profiles. High surface concentrations result in lattice
strains which are not always annealed out by subsequent drive-in
diffusions. These lattice strains may produce deleterious effects in
terms of device performance. Consequently, there has recently been
a good deal of interest in method (4) which can produce predeposition
profiles with acceptable control and lower surface concentrations. The
other methods are also widely used and method (1) was studied in this
work.
The diborane predeposition procedure is usually carried out in
a furnace at about 1,000° C. (980° C . in the furnace at MSFC.)
The carrier gases are N2 , at 4,000cc/min flow rate, 03, at 120cc/min,
and argon at 22cc/min with 1 percent diborane in the argon. The
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diborane argon mixture is supplied for times ranging from about 15
minutes to 60 minutes. A layer of boron glass (6203) is formed
with a thickness up to about 1, 200 Angstroms. This layer is quickly
dissolved in a 10:1 HF etch. There is an inter-layer which is a
solid mixture of boron-silicon-oxygen which is resistant to the HF
etch. The layer ranges from about 100 to more than 200 Angstroms
according to ellipsometer measurements (which may not be reliable.)
Exactly how much of this recalcitrant layer that remains after
the 10:1 HF etch is dependent upon the time used for the predeposition.
The data obtained at this time indicates that for a 15 minute pre-
deposition, the layer is almost completely etched away in HF. The
surface sheds water readily, and a subsequent short drive-in diffusion
in N^ does not produce a dramatic drop in the sheet resistance. For
a 30 or 60 minute predeposition, the layer which remains after an
HF etch is about 200 Angstroms thick, water clings to the surface,
and a short drive-in in Ng (5-10 minutes) produces a drop in. the
sheet resistance by a factor of four. An etch cycle in hot (105° C)
nitric followed by a 10:1 HF etch is effective in removing the layer.
Three cycles seemed to be sufficient. A short oxidation (5 minutes)
at 1150° C followed by a 10:1 HF etch is also effective in removing
the layer.
Wafers which were predeposited for 30 and 60 minutes were
divided into two groups. Half of the wafers were etched (HNO3+HF)
and half were not. These wafers were then subjected to drive-in
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diffusions in N2 at 115QOC. for a total time of 50 minutes. The wafers
were removed at intervals and the sheet resistance checked. Of course,
there is an ambiguity concerning the effective time because of the
heating and cooling times; however, the results are shown in Figure 5.1.
Apparently, the boron-rich interlayer serves as an effective unlimited
source for a period of 50 minutes. Since the chemical composition
of the interlayer is unknown, any calculation of the total number of
impurities based on the layer thickness must be considered to be
purely speculative. An estimate based on the assumption that the
layer is roughly a 50 percent mixture of E^Og and SiCX gives 10l
for the effective Q of the source. This is sufficient to maintain a
saturated surface concentration for roughly an hour at 1150°C .
Ohms
30
Minutes
Figure 5.1 Sheet Resistance vs. Time for Drive-in Diffusion in
Nitrogen at 1150° C with Boron- Rich Surface Layer.
32
If the wafers with the boron-rich interlayer are placed into an
oxidizing ambient, either dry oxygen or steam, the results are quite
different. The sheet resistance at first holds steady with the drive-
in time and then begins to increase. The increase will continue until
such a time that the impurity gradient at the junction is too low to
maintain a space charge layer. Then the junction becomes "leaky"
and the resistance measured is no longer related directly to the
resistance of the diffused P-layer above the junction. Apparently, the
oxide begins to grow between the boron-rich layer and the silicon, and,
no doubt, some transformation takes place within the layer. Con-
sequently, the layer is masked from the silicon, and probably dilated,
so that it no longer supplies impurities at a rate which maintains a
saturated surface concentration.
The best model which one can construct at this time on the
basis of the available data is as follows. An effective surface source
_ 2
with strength Qgj (cm ) is assumed for all predeposition times be-
tween 30 and 60 minutes. The value chosen for Q is approxi-
si
mately 3. 5 X lO-"" cm . For 15 minutes or shorter predep times,
QS! = 0. In order to incorporate this predep model into the overall
two-step diffusion model, the following scheme is employed: (1) For
a drive-in in a N2 ambient, the flux of impurities at the surface is
calculated and integrated with respect to iime. The surface concen-
tration is assumed to be at the solid solubility limit until the inte-
grated flux is equal to Qsj. Then the flux is set to zero. If Qsj
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is incorrect, then the model eventually becomes invalid. However,
in most practical cases only a short drive-in in N2 is required, so
that this is not a severe limitation. (2) For a drive-in in an oxi-
dizing ambient, the surface flux is assumed to be zero until an
oxide 800 Angstroms thick is grown. Then the flux is assumed to
follow the law dependent upon the oxide growth rate, the segregation
coefficient, etc. The model is to some extent arbitrary, and other
models may give equivalent results. A more rigorous approach
would deal with the chemical conversion of the interlayer plus the
oxide growth and diffusion through the oxide. This is obviously a
very involved problem requiring micro-chemical analysis of thin
layers for boron, silicon, and oxygen content. Until such empirical
data are available, the present model is no more nor less speculative
than any other.
The curves given in Appendix V for diborane predepositions
without removal of the boron-rich layer were obtained using the model
described in the preceding paragraph. The curves are calculated
using the "explicit" iniegration program which is given in Appendix IV.
The program as given has a set of instructions to generate the input
data. These instructions may be easily replaced with read instructions
or other instructions to input the data. The program uses the fol-
lowing data: (1) RSI, the sheet resistance after the predeposition,
(2) TE1, Til, the predep temperature and time (degree C., and
minutes,) (3) TE2, the drive-in temperature (deg. C), (4) Tl, T2, T3,
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the drive-in are obtained by assuming that the field-aided diffusion
during the predep results in an effective diffusion constant of 2D.
Then the surface concentration is adjusted to give the correct sheet
resistance for the predep, RSI. This is done by a subprogram
called FINDNCXRS1, LA, NO) . Practically, this usually results
in a junction depth after the predep which is too deep and gives a
bias to the junction depths for drive-in. Sheet resistance values
seem to agree fairly well. The junction depth error is roughly
. 2 microns for a 60 minute predep.
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Figure 5.2 Sheet Resistance and Junction Depth vs. Time for
^2^6 , Diborane, Predeposition Diffusion.
(Circled point calculated by including time in 0 )
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The sheet resistance after the predep can be calculated fairly
accurately by taking into account the aiding electric field. Curves
are shown in Figure ( 5 . 2 ) for sheet resistance versus predep time
at 980°C. It is questionable whether or not it is practical to cal-
culate the predep profile using the program including the field aided
effect each time the drive-in profile is calculated. There are several
difficulties which must be resolved, one being the problem of recon-
ciling the two choices of "regions for the solution." If one chooses
a reasonable region for solving the drive-in problem, this region is
inevitably too large for an accurate numerical integration for the
predep profile. On the other hand, choice of two regions, one for
predep and one for the drive-in, requires a coordinate transformation
type of operation to translate data calculated using a finer grid to a
description with a coarser grid. However, one accomplishes this,
extra computing time and added program complexity are required.
At the moment it is not certain that the increase in accuracy war-
rants this approach, but it is being considered, 'it seems now that
the most practical approach is -;:o use the sheet resistance data as
input data to solve the drive-in problem.
The "explicit" program can also be: used to simulate pre-
depositions using boron- nitride wafers for diffusion source s. in this
case, the predep sheet resistance is calculated from formulas based
on Goldsmith's (et. al. ) data. For ihis option, the control index
ICON is set equal to zero.
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6. CONCLUSIONS AND RECOMMENDATIONS
The model and program described in this report is useful for
calculating junction depths and sheet resistances for practical two-step
diffusion processes. In cases where the model has been compared
with empirical data, the results for junction depths have agreed to
within less than 10 percent, better than the uncertainty of measurement
for some individual measurements. Sheet resistance data agrees well
in some cases. Experimental data shows that the sheet resistance
after a diborane predep is sometimes erratic. Variations of as
much as 8ohms from the average of 27 ohms for a 60 minute
diborane predep have been observed. The program cannot, of course,
cope with this problem. More controllability of the process is needed
and this requires more under standing of the physics and chemistry
of the process. When the experimental values for the predep sheet
resistance are used to predict the value after drive-in, the predicted
value agrees within 10 percent of the measured value.
There are some practical effects known to be missing from
the model. The non-linearity introduced with very heavy phosphorous
concentrations and resulting in the "emitter-dip" phenomena are not
modeled in the program. This is not a severe limitation for dif-
fusions used for MOST devices. There is also a tendency to get
away from this type of diffusion because of the deleterious effects
produced as well as the unpredictable nature of the process. The
complexity of the conversion of the impurity-rich inter-layer upon
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subsequent oxidation has not been modeled. More experimental
data will be required before a mor.e accurate model can be constructed.
One feature of the model which is deficient and will be sub-
sequently remedied is in the method of calculating the sheet resistance.
The sheet resistance is obtained by integrating the conductivity from
the surface to the junction. Some of the data in Appendix V are ob-
tained using the resistivity of the diffused concentration rather than
the net concentration. In most cases, this does not matter^but
for a light doping it: will. The other problem is that the junction
becomes leaky when the impurity concentration is light and the gra-
dient at the junction is low. A calculation for the impurity gradient
at the junction will be inserted to indicate when the calculations are
unreliable. Practically such a diffusion is useless, but one would
wish to know when such results will be obtained.
Additional studies should be made to apply these programs to
diffusions from doped oxides and from the boron nitride type source.
Curves can be obtained for the boron nitride predepositions and the
program can be used to study the P-well diffusions used in CMOS
work. This problem is very difficult because the P-region must be
lightly doped and the junction must be deep. Consequently, it is
very difficult to produce a junction which is riot, leaky or "lost"
altogether because the diffused region becomes N-type.
Further studies are needed to improve the model for the
impurity-rich inter-layer. In this case, data are needed to learn
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what is actually happening physically. Chemical analysis of the layer
before and after oxidation is needed. The program should be modi-
fied so that the predep profiles calculated using the field-aided model
are readily incorporated into the computations for the drive-in dif-
fusion. Subsequent work will integrate the features of the explicit
and implicit programs and utilize the field-aided predep model if
the accuracy improvement is felt to warrant the complication.
At this point the programs can be used to simulate a variety
of diffusions and for experimentation. Further attention will be
given to simplifying the procedures for using the programs. This
will probably result in several programs, each incorporating the
basic integrated program mentioned above but differing in the input
data and output data instructions.
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APPENDIX' I
NORMALIZATION AND EXPLICIT DIFFERENCE APPROXIMATION
The diffusion equation is normalized so that it can be written in
terms of dimensionless time and space coordinates. The normal-
ization factors are given in the following two equations;
(6-2)
where T is the total diffusion time.
Writing an equation with this type of normalization facilitates
the choice of increments to be used in a numerical solution.
The equation is normalized by using the chain rule for differ-
entiation. As an example, the time derivative is rewritten as
follows;
3N 1 . aN
dt ~~ dT (6'3)
The normalized diffusion equation is given in the following
equation.
*5 r\ Y
3N
 = d N + r o ^ aN ( d { 3P N\ (6-4)
D dt dY 3Y 3Y p
The time and space derivatives are approximated by finite
differences.
(6.5)
8T
~ AT
8Y
 Ay
The superscripts i+1, i, and i-l indicate that N is evaluated
at times Tt AT, T, and T-AT'respectively. The j subscripts are
analagous for the spatial coordinate.
Substituting the finite differences into the diffusion equation
gives the following difference equation.
1-GA+R (p. , - p ) / p - 2_
J
(6-7)
L "J-u'V'M.
R=^
AY
VD-TAY dt
In equation (6-7) all unsuperscr ipted variables are assumed to
be evaluated at time T.
With the f irst and last values of N given from the boundary
conditions, the difference equation can be used iteratively to predict
the impurity profile at the next time instant if the present profile
is known..
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APPENDIX II
IMPLICIT DIFFERENCE METHOD
The implicit method is similar to the explicit method except
that the spatial derivatives are written in terms of the impurity
concentration at the next instant of time.
2 A Y
a Y2
 AY
2
Substituting the finite difference derivatives into the diffusion
equation gives the following difference equation.
NJ = N£[ R _ R / 4 ( p]+1 - p* L)/p . . GA/2|+N i '"1 I" - 1 - 2R
L J-1 J J |_
+ GA/2 (7-3)
In equation (7-3) there are three unknowns, i.e., the three values
of impurity concentration. If j runs from zero to J, where JAY is
the largest value of Y to be considered, then there are J-2 equations
in J-2 unknowns to be solved simultaneously. These equations can
be written in the form of a matrix equation as is shown in equation
(7-4).
TVi • 1 ^  LX > . ^ A T^J
1
 0
4
N3
NJ-2Nlj.i - c™T
B C
A B C
A B C
A B C
A B
1
x
+1
*
NT 7J-2
J-l
(7-4)
In this equation A, B, and C are the coefficients of N. ., N ,
J^ J
and N-. i respectively; and they vary in both time and space. Since
J
the coefficient matrix is tridiagonal, equation (7-4) can be easily
solved by Gaussian elimination for all of the next values of impurity
concentration. The first and last elements of the column vector on
the left-hand side of equation (7-4) each contain two terms. The
boundary conditions determine the second term in both cases; and
since the boundary conditions are included in the matrix, the
solution to equation (7-4) will depend on these boundary conditions.
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APPENDIX III
IMPLICIT PROGRAM LISTING
C PROGRAM FOR CALCULATING IMPURITY PROFILE* JUNCTION DEPTH*
c AND SHEET RESISTANCE FOR TWO STEP DIFFUSION IN SILICON
DIMENSION N(200)r A (200) »R<200) »E(200) »OA(200) » CON (200)
R£AL NO»LA»NB»M
REAL*H NJrANMlrANPirAU
Nl(T)=£XP(21.2b)/((300.0)**tl.&>)*1.5E10*E:XH<-<6»l20.
*-2.08*T)/T>*T**(i.5>
RA ( N3 1 m ) =N3/2 . ^ bQRT ( N3* *2/4 . +K-4**2 )
C Nb IS THt BACKGROUND DOPING » PER CC
NU=1.0Elb
C PHEDEP Tl|WiE(MlN)»TEMP(DE6.C.)»t.RlVF-IN TEMPtDEG.C. ) »
C TIME If* W 2 < M I N ) r 0 2 ( M I N ) » A N i 1 STEAMdVlN)
c PU) is i.o FOR PREUEP. ------- U,O<OK BLANK) OTHERWISE
C TOT IS TO'iAL DRIVL-IN TIME IN MINUTES
10 FORMAT (BFi 0.3)
IF(F'O.GT.O*)XK=0.0
«R ITE ( *, » JO 1 > T 1 1 » TCI » TE2 ' Tl r T,: , T3
301 FORN'ATC »»6E10.2)
IF (Til. Lei. 0.0) STOP
1)1=8 • 0-t-FXP <-<+2 .E !3/ ( TE 1 + 273 . 0 ) )
III- 1
TI1=TI1*60.0
TOT=TOT*60«U
T2=T2+TJl
T1=T1*60.0
CALCULATION OF OXIDE GROWTH RATE PAKAMETERS
-6.2E3/(Tl-: 2+273.))
DIFFUSION CONSTANT CM**2/St.CU;cRON GIVEN)
IF (Pt? . Gl . . 91 ) TI2=U1/D*T 12
!F(T12.Lt:. 0 .0)60 TO 6
ID
ALPHA=!.l.'45
GAUSSIAN ESTIMATION OF JUNCTION DEPTH
X J~ ( 'I . *D* TOT* ALOG < Q/ < NC* ( 3 - 14*[)* TOT ) ** < . 5 » ) ) ** < • 5 >
CALCULATION OF NORMALIZATION FACTORS
XO=SQRT(U*TOT)
OX=3.*XJ/ (100.*XO)
L»T=DX**2
III-2
RT=DT*TOT
RX=DX*XO
M=IFIX(1./OT)
M=M*TI2/TGT
J=IFIX(3.*XJ/<XO*QX) )
X=0.
IF(PQ,LT. 1.0)60 TO 300
SET INITIAL CONDITION FROM COMPLEMENTARY ERROR FUNCTION
DO 1 I=i»j
N < I ) =NO*tl%PC ( X/ ( SGRT ( 01 *TJ) *2 . 0 »
1 CONTII-4UE.
60 TO ttti
C O N T I N U E
L=2
• R=[ )T/ ( i /X**£)
DO 3 L-1»M
DfcTERMINAIION Of AMIJ1E.NT COUOITZOh
IFU.*RV.L'I.T,»COX=CS
I F ( L * »'< T . L. T • T 2 ) C 0 X=CO
IF<L*RT.LV.T2)QOX=(: IO
IF(L*RT.LT«TDDXO=0.
XK=XK+OXO*RT
JOSJ-1
N(J)=0.0
III-3
SET BOUNDARY CONDITION ACCORDING TO AMBItNT CONDITION
N ( 1 ) =M ( ?. ) / ( RX* ( 3 . 3-AU'HA ) *OXO/0+1 . 0 )
I F < Pf) . f, T . (i . 95 ) N ( 1 ) "NO
DO 2 I =2 >t JO
ANMl=DliL£(N(I-l))
ANPl=Oi-l-c.(N(I+l> )
T=TE2
IF(PD.(.,T.L!» n=TL.i
C CALCUL/.Tii I.\rii!NS]
AO=fiBLr.(Ao)
N>3=OL5L*; ( . 4 ( 1 ) >
CALCULATE HOLF: CONC{ :.NTRATJO!NI
RANl=r<;'. < As\Ml » AO ) +1 . 0
HAN2=FJA t AixiPl » AO ) + 1 . 0
KAN=KA (!•-!.$, AO)+1 .J
IF(L.LT.2)RAN=1.0
lF(U.LT.a>RAf-a=i .0
IF(L.L1 .<:)KA!\i2-1.0
CALCULATE. TLKN'.S FC« MATRIX t
A ( I ) »~K/4. *
B < 1 ) =-1 . 0-2
O A ( I ) = - N ( D
?, C O N T I N U E
III -A
CALL SUMOUTINE FOR SOLVING MATRIX EQUATION
[)A(2>=DA<2)-A(2)*NU)
DA(JO)rDA(JO)-£<JO)*N<J>
CALL T!\'X[)AG(2» JO»A»BrE »OA»N)
3 CONTlNl.it
GO T0'40
H CONTINUE
6 CONTINUE
DO 5 1=2 tj
C=MI-J.)
6<C) FITS IRVINS DATA FOR CCUCUCTIVITY
CON(I-3)=6tC)
WHITE < 0 » 9 9 > M < I - 1 ) » Y
99 FORMAT (• «f2f : :20«t>)
c KIMD JUNCTION DEPTH
IF(N(I).LT.NO)GO TO 30
5. CONTINUE
C CALCULATE SHEET RESISTANCE
30 R=KS
T1=T1/60.
T2=T2-T1
WRITE ( 6 » a u > H » Y » T l r T 2 r T 3 » X K » A O
III-5
20 FORMAT <• ••• V»7E15.3)
GO TO uO
END
REAL FUNCTION G ( C X )
CN= A6« i<CX>
I F C C X . L . T . O . U ) GO 103
IF ( C N . G T . l i . O ) A=l ,0
I F ( C N . ( 5 T . U » 0 ) B=7.2E-17
IF ( CN • »T . 1 . 5E +lb ) B=3 - 3E-1 1
If ( CN . C-T . i . «»t+ 1 8 ) A=0 . 332
IF ( CN . vjT . c • UE-* 1 ti ) B= 1 . '»7t- 1-4
GO TO '3
IF(CN.GT.O-O) A=i.O
IF (CM . GT . o • <"i ) B=2 . E-16
1 H (CN . GT . 3 . btlS ) A=0 . 337
IF ( CN . CiT . o . bEl Ji ) j=(> . 97E-l/»
I F ( CN .Gl.lt OE 17) i\--f] . 5'43
If- { CN . OT . 1 • OF. 1 7 ) d=6 • 93E-9
I F ( Cn . GT . <•) . !:E 13 ) A=0 • 9'»
IF (CiM.'.-l . v5i:ii'i)i.i=2.E-lt)
iMCN.GT.o. E19> A=0.7't**
IF <CN.'3T.t>. E19).-)=1.43£-1£
I F ( CN . GT . c . 35L^U ) »=1 . OtE-
III-6
5 6 = B*(CN**A)
RETURN
F U N C T I O N R ? < C O ! - J » N r r > X )
SUN- 0-1,'
X = G . G
DO 1 I-
SUM=S!J:-'-»-C«;N( T. ) tB
1 CONTINUE
R=f)X/3.*SUM
END
I. !-Ji_ TR I OA6 ( JF » L t A » B r C f D » V )
Ulf'f-JSKJN A ( 2 0 0 ) r o (20p ) » C ( 2 H O ) »D<200 ) » V ( 200
DOUELt PKtCISION bLT/\ (200 ) f GAMMA (200 )
GAMf^'A ( JF ) =D ( JF ) /uETA ( JF )
JFP1=JF+1
III-7
DO 100 I=JFP1?L
BETA ( I ) ~B ( I ) -A ( I ) *C ( 1-1 > /BETA ( 1-1 )
100 GAMMA ( I ? " CO ' I ) ~M I ) *GAKMA < I~l ) ) /BETA ( I )
LAST-L-JF
V (L) -GAMMA (L)
DO 200 K«i#LA5T
I=L-K
200 V ( I ) -"GAMiMA ( I ) "C ( I } *V ( X <•! ) /BE7 A ( I )
c.HD
DIMENSION Z<lb) »rt(J.
DOUBLE Prtl-.CIS.TON X
HEAL Z /.09331»
*7 . 5659 f 1 y . 1 2022 » 13 . 13028 » 16 • 6514 » 20 • 77647 r 2b .
S31 .**07bl » 38 . 5306d f <*8. 02608/
HEAL 'A /.21623r ,34212* .26302r . I2fe42» .40206* .05636^
••*=•!, ?.12'4» «lii67» . 64599 F. 22263 » .42274* .3
** .I4«i65» .ibOOS/
SUM=0.
DO 1 I -if 15
1 C O N T I N i ' f ;
E.RF C = SUM *£XP ( - A ) *2 . 0 /St.iRT ( 5 . 1 4 .1 59
RLTURN
END III-8
APPENDIX IV
EXPLICIT PROGRAM LISTING
C PRGGKAH TOR CALCULATING IMP^fO'TY Pf'CF 3U F.n'UWrTjOfs. Df-;PTM»
c AND SHEET RESISTANCE FOP. T^O SIT>> DIFFUSION' IH r.u..u:ON
DIMENSION NUOO »NDT(IOO) .CONCIQO) »YPC.?CIO» P>M;V}O?
REAL N'NJI »;-!0»LA»Ni3
C IF f-LwT vF i -HX) Ife OCS-KLU ff. ;:AKC Trif:: t -TRsT rAHl') OUTPT=2,
C OTHEKWiSi, M/,K£ TlC CARM (K.iTPV":.U it
If-" ( OUT PT . LT . 1 . 0 ) foR I TE ( 6 c 1 0 0 )
100 FORf.iAT(/.»TL"l=PRtl)EP TEMP- f'EG.C. » TF.H^OKIVOIM TFMP. OEG.C.V
.*»RSl=PKrok.P SHEET RESIST ANCK'HSasOlUVf-TN S^Kr.'T
* »OhNb ' / « Xu~ JUNCTION DhPlHr MICRONS f XC-OXI lUv T|i r r>r f ;. r;c:; »
** If-i AdG^TRO^SVKN^)- TIME IN NITROC-F.M» TCnD :• TjMf-;«
*• IN OX\G£NV»T(H20> = TlMfc: IN STfr.Arri» ALL IN ?-i < fMiiirr, V/»
*6X » » T ( • »2 ) • » 5X t f T ( 02 ) » • bX » • r ( H20 ) • / >
C Nt3 IS Th£ BACKGROUND DOPING » PE« CC
NB=I«(H:.tb
C PHt'.DEP Tii-'iF. (i'UN) » TEMP (DEG.C. ) » DRIVE-IN TEMP<nf:<T-.r. »
C TIMF.: If. ni2(MlN>»02<MIN)»Afii) STEA
C INITIAL VALUES OF DATA
IV- 1
SET ICON.LT.2 FOR A BORON NITRIDE PREOEP
ICON=2
Tl=0.0
T2=0.0
T3=0.0
IOAT=1
TI1=17.
TE1=980.
TE2=1050.
RS1=72.
DATA GENERATION PROGRAM
CONTINUE
IFCIDAT.GT.6) 60 TO 504
T2=0.0
T3=0.0
Tl=Ti+20.
GO TO 510
50H IF<IOAT.GT.12> GO TO 506
Ti=0.0
T2=T2+20,
T3=0.0
IDAT=IDAT+1
GO TO 510
506 iF(JDAT.GT.la) GO TO 508
Tl=0.0
IV-2
T2=0.0
T3=T3+20.
IDAT=IDAi+l
GO TO 510
508 T£2=TE2+5U«
IFCTE2.GT.1200.) STOP
JDAT=1
GO TO i«0
510 CONTINUE
C DIFFUSION CONSTANT CM**2/StLC (BORON GIVEN)
COND=0.
60 TO 200
19H Dl=a.*uC
• CONO=2.
GO TO 200
199 U=OC
GO TO 13
200 IF(T-1'423.) 201»201»202
201 TACT=ALOG(7.8^)*1273.*lt23./150.
GO TO 205
202 TACT=ALOG(6
DOB=0.6bE-l2*EXP(TACT/l'*73.)
GO TO 203
203 DC=DOR*EXPC-TACT/T)
IV-3
IFCCOND.LT.1.) GO TO 198
60 TO 199
13 LA=2.0*SQHT<60.*m*TIl)
16. 19-1.
Rbl=EXP<ALNKS)
QSL=0.0
GS 1=0.0
CALL FiM)uO(RSl»LA»NO>
GO TO 16
15 CALL F
SET QSL.=-i,D IF GLASS
QSL=-1.0
18 T2=T2+T1
Tl=Tl*o0.u
1+7. E-1*TI1**2
IS REMOVED
OXIDATION RATE STEAMCCS AND BS) AND 02(CO AND BO)
CO=0.l7l*LXP(-£3.1E3/<TE2+;>73.»
Cb=2.37*LAP(-22.7E3/(Tt:2+273.) )
B0=2 . 18E-y*EXf ' ( -14 . 4E3/ < Tfc2*273. ) )
B5=o.6b?fc.-9*EXP(-6.2E3/(TE2+273.))
TOTAL TlMt FOR GAUSSIAN ESTIMATION
TI2=T3
IV-A
Q=NO*LA*.b64
ALPHA=C.'f5
C GAUSSIAN ESTIMATION OF JUNCTION DEPTH
C DIFFUSION EONS. INTEGRATED OVER REGION OF 2*XJ
C NORMALIZING FACTORS
XO=SQRT(a*TI2)
DX=2«*XJ/(100.*XO)
RT=DT*TIi;
KX=OX*;<0
J=IFIX(?..*XJ/CXO*DX»
x-o.
C INITIALIZATION OF CONCENTRATION
DO 1 I-IrO
N<I)=NO+tKFC(X/LA)
1 CONTINUE
WH I TE ( b f J 0 0 ) X J r 0 » R X r QSL ' QSU » C 5S
300 FORMAT {/rfaEl 0.3)
L=2
IV-5
21 CONTINUE
NDT(J)rN(J)
C BOUNDARY CONDITION AT Sl-SI-02 INTERFACE
IF(L*RT-T1) 120»120'122
122 IF(L*RT-T2> 124»124>126
C OXIDATION AND DRIVE-IN WITH STEAM
C IMPURITY FUUX AT SURFACE ASSUMED CONSTANT UNTIL GLASS IS
C REMOVED OH TRANSFORMED
126 TIMES=ABS(L*RT-T2)
XK=BS*( (1 „+<•{•. *(CS**2>*nMES/8S^.* <CS**2)*(Xo2**2)/l8S»*2l
*+4.*CS+X02/B$)**( .5)-loOJ/(J?**CS)
JF(QSL.LT.O.O) GO TO 1**2
lF(XK-i>.E-6) 140 f mOil«*2
mo 0x0=0.
GO TO 16U
1'I2 DXO =CS/(1 ••«•'+•* (CS**2)*t TIMES )/bS+t*»* (CS**2> *<X02**2 )
*/(BS**<:)-K4»*CS*X02/BS)**( .5)
GO TO 1.6U
C OXIDATION AND DRIVE-IN IN DRY OXYGEN
C IMPURITY FLUX AT SURFACE ASSUMED CONSTANT UNTIL GLASS
C LAYER IS TRANSFORMED
TIMEO=ARS<L*RT-T1)
XOprBc*(<1.+4.*(CO**2)*TIMEO/80 +8.E-6*Co/80)**<.5>~i»)/
*(2.*CO)
iF(QSL.Lr.O.O) GO TO
IF (X02-Q.L-6) I'44»m«+»
IV-6
0X0=0.0
GO TO 160
DXO =CO/(1.+4.*<CO**2>*< TIMED )/BO+8.E-6*CO/BO>**( .5)
GO TO 160
C DIFFUSION IN NITROGEN - ACCOUNTS FOR BORON GLASS NOT
C REMOVED FROM THE SURFACE BY THE HF ETCH
120 IF(QSL.LT.O.O) 60 TO 152
IF(QSI-QSL) 150»150rl52
150 F=D*(CSS-M2) )/KX
DQSI=F*RT
QSI=QSI+UQSI
0X0=0,0
GO TO 162
152 F=0.0
0X0=0.0
• GO TO 162
160 F=(ALPHA-3.33>*OxO*NU)
162 6A=0.'!b*RT/nx*DXo
JO=J-1
C THIS IS Ah ARTIFICIAL BOUNDARY CONDITION TO MAKE N(X)
C FINITE AT 2*XJ AND EQUAL TO GAUSSIAN VALUE
I F ( L • GT . 1 0 > NOT ( J ) =Q/ ( 1 . 7g*iiGRT ( D*L *RT ) ) *£Xp ( - ( J*f<X ) *»2 ) /
C INTEGRATION OF NORMALIZED DIFFUSION EQUATIONS
DO 2 I=2fjO
IF(NOT(I>,LT.1.0E-15)NDT(I)=1.0E-15
IV-7
2 CONTINUE
IF(NU}+(DX*XO*F>/D.LT.O.)F=-NDT<2)*D/<RX>
NOT ( 1 ) =DX*F*XO/D+NDT ( 2 )
DO 3 I-ltJ
Nil) =NDT ( i )
3 CONTINUE
IFIL.GE.M) GO TO 6
L=L+1
GO TO 21
H CONTINUE
6 CONTINUE
K-2
DO 5 I=E»J
C MAKE NEXT INSTRUCTION CARD » C=N(I-1) FOR P-TYPE
C MAKE NEXT INSTRUCTION CARD »C=-N(I-1) FOR N-TYpE
C=N(I-i)
C G(C) USEis IRWIN'S CURVE FORMULAS
CON(I-l)=fa(C)
Y=1*KX-2.*RX
YP(K)=Q*EXP(-(P*KX)**2/(^.*0*TI2) ) /SORT(3»
YP(K-1)=N(I-1)
ZlK-l)=I*KX
P=Nl
YP(l) = yP(ii)
Z<K)=Z(K-1>
IV- 8
lF(N(I-l).LT.NB.AND.NtI>.LT.N(I-l»GO TO 30
5 CONTINUE
C INTEGRATION FOR RSrSHMET RESISTANCE
30 RS2.~i<5 ( COfJ rt-llt RX )
IF(OUTPT.GT.X.O) CAl.i. f ! tOT< /» YP»K-2rNB>Y )
XK=ES* ( ( I . +4.* ( CS**2) * O 3-77: ) /HS+4. *
*
T1=T1/60.
T3=T3/t.0.b
20 FORMAT(//rIOX» 'SHEET RESlSTA^rf.= » »F0.2//»10Xf «. JUNCTION*
*' DEPTH Ii-j CM=«»£10*3//rlOXp*Ti'Mt: IN NITROGEN IM «
*»M!NUTr:S = «rfr9.1//r?.C:X<'»I.U-:ft: IN STEAM
*F9.1//t lOXf'oXIDe THTC^ i'^ S'; IN CM = f
*10Xr 'OiaV;:>IN DlFf-Ur.IOM TEMP IN DUG. C, =
22 FORMAT < / • i OX 1 9K.1 0 « 3 '
400 CONTINUE
GO TO MO
END
IV- 9
SUBROUTINE FINDNO(RS1»LA,NO)
C FINDNO 15 BASED ON THE RELATION SHIP FOR RS FOR AN ERFC
C PROF ILL'. IT WAS CALCULATED FROM A NUMERICAL
c INTEGRATION* AMD THEN FITTED- WITH A PIECEWISE
C CONTINUOUS FUNCTION.
REAL NefLA
GAVE=1.0/(RS1*LA)
ALPA=.5f£-lO
ALpC=.369t-lfa
BETA=0.6«*t>
BETC=0.95b
lF(GAVt.-lt>5.) <!»6»6
4 !F(6AVt..LT.Un.) GO TO 8
ALOGC=AL06 < GAVE/ALPB ) /OETH
GO TO 10
6 ALOGC=ALOG(6AVE/ALPC)/DETC
GO TO 10
8 ALOGC=AL06<GAVE/ALPA)/3ETA
GO TO 10
10 NO=EXP(ALOGC)
Hb'lURN
END
REAL FUNCTION ERFC(U)
IF(U-I.O) 3»5»5
IV-10
3 N=31
GO 70 15
5 IFUJ-2.0) 7»9»9
7 N='ll
GO TO 15
9 IFCU-2.5) Hrl3fI3
11 W=61
GO TO 15
13 lF(EXP<-U**2).LT.l«£-XS>ENFC=l.£-i5
IF <EXP(-U**2> .LT.1.E-15)RETURN
ERFC=EXP ( U » -U**2 ) / ( 1 .
GO TO 17
15 SU=0.0
DX=U/(M-1)
X=0.0
1 = 1
1 8=2.0
IF (I. EG. 1) 0=1.0
X=X +DX
2 CONTINUE
s=ox/3,e*su
IV-ll
3=1.0 -
17
END
6(cx)
2F<
«.l-T.o.OI 60 TO 3
"•CN.6T.O.O, „-,.„
'
iF(CN
-
6T
-»-K+»»B=,. f.17
GO TO 5
.6r.6. elg, tefl<
IV-12
IF(CN.GT.2«35E20)A=0.<»56
JF(CN.GT.2.35E2G) n=l«0«»
5 6 = B*(CN**A)
RETURN
END
FUNCTION HS(CON»NfOX»
DlME.r-lS.ICN
SUM=0«0
x=o.o
DO 1 I=lrN
IF(I.EQ.N)B=1«0
CONTINUE
RETURN
END
SUBROUTINE PLOTCxirYl»N»MB»XJ)
REAL Ni3
DIMENSION Xl(250)»Yl(250V»AHRAYCi»5»10X)
DATA AST»DASM»DAR»DLAUK/1H*»1H-»1H3»1H /
DO 19 L=l»*5
IV-13
DO 19 M=l»101
ARRAY(L»M)= BLANK
19 CONTINUE
DO 20 M=l»101
ARRAY<1»M)=DASH
ARRAYU5»M>=nASH
20 CONTINUE
DO 22 L=i»'*5
ARRAY(L»1)=UAR
ARHAY(LrlOl)=bAR
22 CONTINUE
CMAX=AiiS(Yl(l)-Nd>
CMIN=Ai!S(Yl(l)-Nci)
XMAX=X1(N)
DO n I=2rN
Zl=A8S(Yi(I)-N[3)
IFCZI.GT.CMAX) CMAX=Z1
IF(Zl.LT.CMIN) GO TO 12
00 TO in
12 CMIN=Z1
60 TO in
in IF<ZI.LT.I.O> 21=1.0
Z2=ALO«10(Z1)
M=(101 .* (XKD
I F ( L . L T . I ) L=l
l F ( L . G T « < f 5 > i--n5
IV-14
IF(M.LT.l) M=l
IF(M.GT.lOi) M=101
ARRAY(L»M)=AST
CONTINUE
WRITE<6»30> CMAX»CMIN»XJM
30 FORNATUHlrlOXf »CMAX= • »E8.
* 'Xj<MlCRONS)=»fF6.3/)
L=l
WRlTE(6»ao) (ARRAY(L»M)» M=
80 FORMAT (• «»10H -------- -~*101A1)
L=2
WHITE (6r8i>) ( ARRAY (L»M)»M=1» 101)
82 FORMAT (« « » 1 H J » » C(X) '
L=3
WRIT£(6»8'+) (Af?RAY(L»M) »M=
04 FORMAT (• » r IH^r 9Xr 101A1 >
b»i36> ( A R R A Y ( L » M ) f M=J '10D
86 FORMAT (' » » J J l 3 f » PER CC '
IT=1
DO 32 |_ = 5r<»5
lF((L-l).hQ.<**IT» GO TO 40
WRIT£(6»d6) (ARRAY(LfM)rM=l f l01)
FORMAT (» » »I.H3f9X»10lAD
IV-15
60 TO 32
<>0 WRIT£<6»90) CXf <ARRAY<L'M) »M=l
90 FORMAT (• »»2H3 »E6.1»2H— »101A1)
32 CONTINUE.
FORMAT (• «
XAA=2.c3*XM/\X
XAC=6«t3*XMAX
XAD=8.C3*XMAX
C s »96) X A A » X A D » X A C » X A D » X A E
96 FOf<MAT(/ rlOX»lHCI»l7XfFb.2»H>Xf
•*15X»FE.2J
WRITE ( f t r9a)
96 FORf/'AT( /»<*5X» »X -MICRONS* )
RETUi^N
IV-16
APPENDIX V
JUNCTION DEPTH, SHEET RESISTANCE,
and OXIDE THICKNESS CURVES
The curves given in this appendix are for drive-in diffusions in
nitrogen, oxygen, and steam at drive-in temperatures of 1050°C,
1100° C, 1150°C, and 1200°C. The predeposition diffusions are
assumed to be the 72 ohm or 27 ohm diffusions carried out at 980°C
that are done at MSFC. The 72 ohm predep is for 17 minutes in
diborane followed by 7 minutes in ©2- The 27 ohm predep is for 60
minutes in diborane followed by 6 minutes in N2- All the boron glass
is assumed to be removed for the 72 ohm diffusion, but the boron-
rich interlayer is assumed to remain for the 27 ohm diffusion. The
explicit integration program listed in Appendix IV was used to generate
the data. Experimental data is given on graph V-5 which has some
scatter in the resistance after predeposition. All experimental data
points are for 1150° C diffusion and are shown as circles with data
spread indicated by a vertical bar.
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